Holes in the valence band of superconducting boron-doped diamond film 
studied by soft X-ray absorption and emission spectroscopy 
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Carbon- and boron- 2p states of superconducting and non-superconducting boron-doped diamond 
samples are measured using soft X-ray emission and absorption spectroscopy. For the superconduct- 
ing sample, a large density of hole states is observed in the valence band in addition to the states in 
the impurity band. The hole states in the valence band is located at about 1.3 eV below the valence 
band maximum regardless of the doping level, which cannot be interpreted within a simple rigid 
band model. Present experimental results, combined with the first principles calculations, suggest 
that superconductivity is to be attributed to the holes in the valence band. 

PACS numbers: 81.05.Uw, 71.55.-i, 74.25.Jb, 78.70. En, 78.70.Dm 



Recent discovery of superconductivity in heavily 
boron-doped diamondpj has brought up renewed interest 
in the physics of doped insulating/semiconducting sys- 
tems. Diamond has always been a very attractive ma- 
terial because of its characteristic physical properties, 
and boron has been well known as an impurity in dia- 
mond along with nitrogen and phosphorus, which makes 
an acceptor level at 0.37 eV above the top of the valence 
band.|2| Heavily boron-doped diamond has been known 
to be metallic since the late '90s (the concentration for 
insulator-metal transition Cm = 2xl0 20 cm -3 ), but due 
to the large band gap (~ 5.5 eV) the possibility of super- 
conductivity in diamond had not been noticed for some 
time, despite the fact that graphite-related compounds 
and diborides have been studied extensively. 

Since the discovery of superconductivity in boron- 
doped diamond, several theoretical proposals have been 
made. 0, IH IS 13 Theories based on conventional 
BCS theory are presented in an analogy with MgB2, 
where strong coupling of the holes at the top of the va- 
lence band to the optical phonons plays an important 
role. 0, H H BoeriQ and LeeQ argued the super- 
conductivity in the hole states of valence band by vir- 
tual crystal approximation, assuming that the crystal is 
made "averaged carbon-bore atoms", and pointed out 
the importance of the strong electron-phonon coupling. 
Xiangjg and Blase|jJ discussed the effect of boron im- 
purity on the superconductivity using density functional 
calculations on the system including boron as impurity. 
Secondly, Baskaran pointed out the importance of the 
electron correlation in the boron-impurity band based on 
the resonating valence band (RVB) theory. Q 

Now, under these circumstances, an important step to- 
wards understanding the mechanism of superconductiv- 
ity is to identify the character of the carriers. Then, it is a 



prerequisite to perform an experimental study which de- 
termines whether the holes responsible for superconduc- 
tivity reside in the impurity band or valence band. Un- 
fortunately, there are few experimental works at present, 
which may be due to experimental difficulties in ob- 
serving superconductivity. Recently, however, Takano 
et al. have successfully synthesized a superconducting 
diamond film using a conventional microwave plasma- 
assisted chemical vapor deposition (MPCVD) method. 
Soft X-ray absorption (XAS) and emission (XES) spec- 
troscopies near C-K and B-K edges are powerful tools for 
studying the electronic structure of the boron-doped di- 
amond. As the dipole selection rule between the Is core 
level and the 2p state governs the transition, we can ob- 
tain the partial density of states (PDOS) of carbon 2p 
and of boron 2p separately, which can give important 
information on the mechanism of superconductivity. pLOL 
ITU IT^ | Moreover, XES spectroscopy is a bulk sensitive 
probe, not a surface sensitive one like photoclcctron spec- 
troscopy. 

In a previous publication we paid attention to the elec- 
tronic structure of the boron impurities in diamond, a 
non-superconducting sample, and performed XAS and 
XES measurements near the B-K and the C-K edges. fl3j 
Our conclusion there is that the wave function of impu- 
rity B-2p strongly hybridizes with the host C-2p in lightly 
boron-doped diamond specimen. 

In this Letter, we study the electronic structure of 
both B-2p and C-2p in the superconducting and non- 
superconducting diamond films using XAS and XES 
spectroscopy near the B-K and the C-K edges. The 
experimental results are further analyzed in detail with 
the aid of first-principles band calculations. For the su- 
perconducting sample, a large electronic density of hole 
states is observed in the valence band in addition to the 



states in the impurity band. The hole states in the va- 
lence band is located at about 1.3 eV below the valence 
band maximum, which is larger than what is expected 
from the band calculation results. Moreover, this energy 
is not sensitive to the doping level, which cannot be in- 
terpreted within a simple rigid band picture. Although 
the impurities do form a band, superconductivity is at- 
tributed to the holes in valence band because the Fermi 
level lies within this band. 

Boron-doped diamond thin films were deposited on Si 
(001) wafers in MPCVD.|9llTlll5j Three diamond sam- 
ples with different boron-concentrations were used; sam- 
ple labeled " sample-S" shows superconductivity at T c = 
3.7 K, and labeled "sample-Nl" and "-N2" do not show 
T c above 1.75 K using SQUID measurements. The boron 
concentrations are estimated by SIMS measurement to be 
about 4.3at%B, 0.25at%B and 0.10at%B for the sample- 
S, -Nl and N2, respectively. 

The XAS and XES measurements were performed at 
BL-8.0.l|I3 of the Advanced Light Source (ALS) in 
Lawrence Berkeley National Laboratory (LBNL). The 
energy resolutions of the incoming and outgoing X-rays 
were 0.2 and 0.4 eV, respectively. For the calibra- 
tions of the monochromator and spectrometer, /i-BN, 
HOPG and natural diamond were used as the standard 
samples. [HI HE3 

As mentioned in the introductory part, the B-K XAS 
and XES spectra represent PDOS of empty and occupied 
B-2p states of the impurity boron, respectively. Figure ^ 
shows B-K XAS and XES spectra of sample-S and -Nl. 
In this figure [Fig. ^ (a) and (b)] , the excitation energy of 
the XES spectra was 200 eV in both cases. One can see 
the good agreement between the XES spectra of the two 
samples, but in the XAS spectra there is a remarkable 
difference in the host-gap region, 185 ~ 190 eV. The B-K 
XAS of sample-S shows in-gap states, i.e., a broad state 
which fills the whole band gap region and a sharp peak at 
about 189 eV. These in-gap states may be attributed to 
boron at interstitial sites and/or boron forming clusters. 
The B-K XAS of sample-Nl is essentially the same as 
our previous result of a non-superconducting sample [l3j 
except a small trace of the peak at 189 eV. The Fermi 
level is estimated to be located at about 185.1 eV in both 
samples, which is a little bit lower than observed in the 
previous report, 185.3 eV. We attribute the difference to 
experimental error. 

Figure [He) shows the B-K XES with several excita- 
tion energies of sample-S, where three of them have the 
excitation energy of the in-gap states and one of them is 
a normal XES spectra with high energy excitation (E QX = 
203 eV). For all the XES spectra of sample-S, the overall 
features are almost the same with each other and also 
the same with the XES of sample-Nl, which is consistent 
with the previous report. fl3| 

Figurc[2]shows the G-K XAS spectra of these samples. 
There is no incident angle dependence in the XAS and 
XES (following) spectra, which suggests that there is no 
effect of preferred orientation of nano-size crystals. The 
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FIG. 1: B-K XAS and XES spectra of (a) sample-S and 
(b)sample-Nl. The incident angle was set to 0=20°. The 
excitation energy of XES measurement was 200 eV. The area 
intensity of XES is normalized to unity, (c) Several TS-K XES 
spectra of sample-S. The area intensity of XES is normalized 
to the peak height at the excitation energy in XAS spectra 
indicated by the arrows in (a). 
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FIG. 2: The C-K XAS spectra of sample-S and sample-Nl. 
The spectrum of the previous report is also shown as sample- 
N2. The incident angle was set to (9=70°. The dotted line 
represents the energy of the valence band maximum using 
the band gap of 5.5 eV. Two characteristic peaks, H and 7, 
are observed at about 282.6 and 284. leV. 



3 




275 280 285 290 



Incoming photon energy (eV) 



in 



1 1 1 1 1 

\\J III t7V\ \jll\All\JI 1 


I I I I 
(c) 1 -excitation 


1 


sampte-S / \ 
sample-N1 F V 


sample S / J 
sample- Nl^ 


7 


(d) K-excitation 


— r~i — i — i — T — 

(e) E e x=330eV 


sample- S M \\ 


sample-l^^^^^^^^^ 


sample-Nj / \ 

i — i i Vi_« 





260 265 270 275 280 285 265 270 275 280 285 290 

Outgoing photon energy (eV) 



FIG. 3: (a) C-K XAS and (b-e) C-K XES spectra of super- 
conductor (sample-S) and non-superconductor (sample-Nl). 
The area intensities of all XES spectra are normalized to 
unity. The excitation energy is presented in XAS spectrum 
(a) as an arrow. 
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FIG. 4: The energy dependence of the PDOS of B- and C- 
2p states obtained by first-principles band calculations using a 
super-cell (nominally C63B1). nNN indicates the n-th nearest 
neighbor carbon from the impurity boron atom. Among the 
six types of carbons, only INN, 2NN, 3NN and 6NN C are 
shown in the figure. The inset shows the PDOS around the 
Fermi level. 



XAS spectra of sample-Nl and -N2 are almost identical, 
showing the impurity in-gap state labeled / at 284.1 eV. 
However, except a small state (H) at 282.5 eV. In the su- 
perconductor, sample-S, this state density (H) increases 
considerably. This state is located at about 1.3 eV below 
the valence band maximum (VBM) of the non-doped di- 
amond at 283.8 eV, which is shown by a dotted line.[l3| 
Therefore, in the diamond superconductor, there is a con- 
siderable amount of holes in the G-2p valence band. 

In order to gain more insight into the electronic states 
involved with the hole states, we performed XES mea- 
surements with an excitation energy of 282.6 eV (cor- 
responding to state- H in Fig. |2J), 284.1 eV (correspond- 
ing to /), and the energy corresponding to the bottom 
of the conduction band (K) . Figure [3] shows the C-K 
XES spectra of sample-S and -Nl, where H-, I- and K- 
excitation denotes the corresponding excitation energy. 
At the excitation energy near the Fermi level, namely the 
H-excitation [Fig.|3{b)], the XES spectra of both samplc- 
S and -Nl are the same and similar to the XES of the 
host diamond. This suggests that state-ff in the XAS 
spectra [Fig.|3Ja)] is a state of bulk diamond, not a state 
of precipitation. In the I-excitation XES [Fig. Etc)] , one 



can see the difference between sample-S and -Nl, i.e., the 
XES of sample-S is similar to the one with H-excitation, 
while that of samplc-Nl displays a sharp elastic peak 
and a large tail on the lower energy side. The appear- 
ance of the sharp elastic peak and the large tail agrees 
with our previous results of non-superconductors. Since 
sample-S and sample-Nl differs in the density of impuri- 
ties, the fact that the I-excitation XES spectra differs be- 
tween the two samples suggest that state-/ is essentially 
an impurity state. In the case of K-excitation, a small 
difference is observed between the two samples. The 
spectrum of samplc-Nl shows a sharp peak at 277.4 eV, 
which corresponds to doubly degenerated states of the C- 
2p valence band at X4 point because the bottom of the 
conduction band (C.B.) is at X\ point in diamond. po| 
This sharp peak broadens in sample-S, and moreover, 
the sharp XAS-edge at 289.6 eV (the bottom of C.B.) 
broadens in sample-S (Fig. |2J). This may be because the 
symmetry of the system becomes lower due to atom sub- 
stitution and/or possible lattice distortion upon boron 
doping. The normal XES spectra are in good agreement 
with each other, and with XES of the host-diamond. 

In order to analyze the experimental spectra, we per- 
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formed first-principles band-structure calculations for a 
diamond with substitutional single B impurity using 
two kinds of super-cell [nominally C31B1 (3.1at%B) and 
C63B1 (1.6at%B)]. Figure 01 shows the calculated 2p 
PDOS using the C 63 Bi super-cell. INN, 2NN, 3NN and 
6NN C indicate 1st, 2nd, 3rd and 6th nearest neigh- 
bor carbon from the impurity boron atom, respectively. 
The density of states of the first nearest neighbor car- 
bon (INN C) is large at around the Fermi energy and 
has hole states above the Fermi energy. This feature is 
consistent with the result obtained by DV-Xcv method in 
our previous study. In contrast with this, the density 
of states of 6NN C, which is far from the impurity boron, 
is similar to the PDOS of the non-doped diamond (bulk), 
but shows a small number of holes around the Fermi level 
(see the inset of Fig.0J. For the C31B1 super-cell, heavy- 
doped case, the density of states of 4th neighbor carbon 
(4NN C, not shown) which is farthest from the impurity 
boron in this cell has a notable number of holes above 
the Fermi energy, i.e., the hole state around the Fermi 
level increases with an increase of boron concentration. 

Now let us go back to the data for the C-K edge with 
these band calculation results in mind. The XES result at 
energy-/ excitation of sample-Nl [Fig.^b)] is very simi- 
lar to the PDOS of first nearest neighbor carbons (Fig.0J. 
Therefore, the impurity states can be interpreted to be of 
localized one in the non-superconducting sample. How- 
ever, for sample-S, the XES at energy-/ excitation is very 
similar to the PDOS of the bulk diamond. This means 
the carbons involving the impurity hole states are of bulk 
carbons, i.e. the impurity states make a band. Thus, we 
may conclude that the impurity state of sample-Nl is 
localized while the impurity state of sample-S forms a 
band. 

The XES results at excitation energy-// of sample-S 
and -Nl, shown in Fig.^b), are very similar to the PDOS 
of bulk carbons rather than that of first nearest neighbor 
carbon. As energy H is located at about 1.3 eV below 
VBM, we attribute the hole states at energy H to the hole 
states in the valence band. Since this valence band hole 



state lies right next to the Fermi level, we may conclude 
that the holes in the valence band plays an essential role 
in the occurrence of superconductivity. 

If we look more quantitatively into the energy of the 
peak H, its location seems to be somewhat lower than 
what is expected from the first-principles calculation. 
Namely, the Fermi energy obtained from our band calcu- 
lation is 0.7 eV and 0.5 eV below the VBM for 32-atom 
and 64-atom super-cells, respectively, which is smaller 
than 1.3 eV. More interestingly, the energy of peak H 
does not depend on the doping level, and only its XAS 
intensity grows with doping (see Fig. |2J), which cannot 
be understood within a simple rigid band picture. This 
curious doping dependence of peak H remains as an in- 
teresting future problem. 

In conclusion, the partial density of states of the C-2p 
state and the B-2p states of superconducting and non- 
superconducting boron-doped diamond samples have 
been measured using soft X-ray emission and absorption 
spectroscopy on C-K and B-K edges. For the super- 
conducting sample, a large electronic density of states of 
holes has been observed in the valence band in addition to 
the states in impurity band. However, the hole states in 
valence band located at around 1.3 eV below the valence 
band maximum cannot be interpreted within a simple 
rigid band model. Although our results show that the 
impurity states do form a band in the superconducting 
sample, the holes in the valence band seems to be more 
important for superconductivity because the Fermi level 
lies within the valence band. 
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